Abstract -Single-cycle firing is currently the most widespread method used for the production of ceramic tile. The productivity is directly related to the performance of the constituent materials of the ceramic piece during thermal cycling. Numerical tools which allow the prediction of the material behavior may be of great help in the optimization of this stage. This study addressed the mathematical modeling of the temperature profile within a ceramic tile, together with the sintering kinetics, to simulate the effect of the thermal cycle on the final size. On the laboratory scale, 80 mm x 20 mm specimens with thicknesses of 2.3 mm and 7.8 mm were prepared in order to determine the kinetic constants and validate the model. The application was carried out on an industrial scale, with 450 mm x 450 mm pieces that were 8.0 mm thick. These results show that the model was capable of predicting the experimental results satisfactorily.
INTRODUCTION
Tile manufacturers are constantly concerned with guaranteeing that products have consistent dimensions and aesthetic characteristics. In this regard, although the vast majority of quality related issues do not originate from the firing process, it is on this process that the product problem solving is focused. The stability of the above mentioned features is directly related to the firing temperature and timing, as well as the type of product to be produced. Linear shrinkage is widely used as a parameter to control the size of the final product, since the quality requirements for ceramic tiles are dictated by international standards (ISO 13006) , and one of these requirements relates to the dimensional variation that may occur during the production process.
The firing temperature is one of the determining factors in obtaining the appropriate technical properties of ceramic coatings. Besides the influence of temperature, the tile characteristics are also dependent on the firing time, especially in faster cycles, since the heat exchange between the environment and the ceramic piece causes its surface to be heated more rapidly than its interior (Ferrer et al., 1994) . In addition to the need to keep the dimensional variability under control, the industry is constantly searching to increase productivity by reducing the firing time. In order to achieve this, companies try to develop greater mass fluxes which, for the same temperature and firing time, lead to the same technical properties, especially those related to the piece size and degree of water absorption. In this regard, traditionally, the technical tool adopted in most studies is the vitrification diagram, which generates useful information for process optimization. On the other hand, vitrification in the liquid phase is the main cause of porosity reduction, firing retraction, and the development of the ceramic property of the material (Matteucci et al., 2002) . This phenomenon can be described through kinetic models, which contribute relevant information from a thermodynamic point of view. Kinetic models can also be used along with modeling and process simulations to achieve faster, more robust optimization, minimizing the laboratory and industrial efforts. Such models have been used in laboratory studies to evaluate the sintering mechanisms for different types of ceramic material. Orts et al. (1993a and 1993b) , for example, analyzed the effects of temperature and firing time on the densification of low porosity ceramic pieces (pavement for singlecycle firing) through a kinetic model related to the reduction in the porosity of the material. Salem et al. (2010) also analyzed this property for a porcelain mass containing nepheline syenite and Salem et al. (2009) studied the effect of the addition of nepheline syenite using a model based on the linear shrinkage during firing. Similar studies were carried out by Zeng et al. (1999) and Benavidez and Oliver (2001) in order to determine the advanced ceramic sintering mechanisms. In the same context, Yürüyen and Toplan (2009) studied the sintering kinetics of porcelain masses produced from glass and fly ash residue.
The aim of this study was to combine a phenomenological model of heat transfer with a sintering kinetics model (Cargnin et al., 2011) to simulate the effects of different thermal cycle conditions (time and temperature) applied to a mass used for the production of single-cycle firing BIIa ceramic tiles on a laboratory and industrial scale. In order to do so, we adopted the phenomenological modeling of heat transport by diffusion and its boundary conditions for a ceramic plate. The influence of the thickness of the ceramic tile was also investigated experimentally and through numerical simulation. Figure 1 represents the object of study and establishes the coordinates of the problem, where the ceramic tile is square. Dimensions "x" and "y" are the same, and much larger than the depth "z" (x, y >> z).
MATHEMATICAL MODELING
Therefore, we can consider the object as an infinite slab with symmetry conditions in the direction "z" for the evaluation of the temperature profile from the ceramic tile surface to the center. According to Bird et al. (2004) , the heat diffusion phenomenon in the transient state can be defined by the energy saving equation in terms of the heat flux in Cartesian coordinates, with the terms for energy generation or consumption, as shown in Eq. (1):
It can be assumed that the material of the ceramic tile is isotropic, its physical properties (ρ, k, c p ) are constant throughout the firing operation and the generation or consumption of energy does not occur inside the ceramic tile ( 0) q = , that is, endothermic reactions associated with clay mineral decomposition and exothermic reactions involved in the nucleation of mullite were neglected for simplification. By applying the hypothesis presented in Eq. (1), it is possible to obtain a simpler equation for the phenomenon of heat diffusion in ceramic tiles for coating, as shown in Eq. (2):
As an initial condition (t = 0), it was established that, at the beginning of the sintering process, all tiles are at room temperature, as shown in Eq. (3). As a spatial boundary at t > 0, at the center of the tile z = 0, the condition of symmetry was established, as shown in Eq. (4). As a surface spatial condition, it was established that the heat flux received by convection and radiation is equal to the diffusion heat flux absorbed by the ceramic tile, as demonstrated by Eq. (5) 0; 2 2 environment e e t z T T = − ≤ ≤ =
where: k solid is the thermal conductivity of the ceramic material; h c is the coefficient of heat transfer by convection; h r is the coefficient of heat transfer by radiation; T g is the gas temperature inside the kiln; T sup is the temperature on the surface of the ceramic tile.
All of the differential equations which deal with the problem of heat transfer in a ceramic plate during the firing operation were numerically solved, in time and space, by the finite volume method (Maliska, 2004) . In this method an interpolation function needs to be selected which can reproduce all of the effects of this physical phenomenon in the evaluation of the variables and their derivatives at the faces of the control volume. In order to obtain precise results for the numerical method, the appropriate selection of the interpolation function is essential. There are several types of interpolation functions for one-dimensional problems, the main ones being the central difference scheme (CDS), which uses a linear interpolation and is applied to strongly diffusion-dominated problems, the upwind difference scheme (UDS), used for strongly advection-dominated problems, and the WUDS scheme for combined diffusion and advection problems (Maliska, 2004) . Since the transport phenomenon considered in this study for the ceramic tile is heat transfer by conduction, that is, a strongly diffusiondominated transport, the interpolation function used was the CDS.
In order to evaluate the effect of the firing temperature and time on the sintering kinetics of a ceramic tile, the phenomenological model of heat transfer described above was associated with a sintering kinetics model based on studies by Orts et al. (1993a) , Salem et al. (2009) and Benavidez and Oliver (2001) , where the variation in the linear retraction during the firing process can be described by Eq. (6):
where R l is the retraction of the ceramic piece, dL is the difference between the initial (L 0 ) and final (L f ) size, t is the sintering time, k' is a rate constant (time -n ) and n is an exponent of time which is dependent on the dominant sintering mechanism. The constant k' can be correlated with the temperature using Eq. (7) of the Arrhenius type:
where k 0 is a frequency factor, E A is the activation energy, R is the ideal gas constant and T is the temperature of the ceramic tile. In order to obtain the equation which describes the sintering kinetics for the ceramic tile as a function of the temperature (T) and time (t), Eq. (7) needs to be substituted into Eq. (6), using the values for the linear retraction as a characteristic of the firing process, to give Eq. (8):
EXPERIMENTAL PROCEDURE

Validation of the Phenomenological Model
With the phenomenological model for heat transfer (Eq. (2)), and the definition of the initial conditions (Eq. (3)) and the shaping conditions (Eq. (4) and (5)) numerically solved, we developed a computational program in FORTRAN 90 language to obtain the temperature of the gas and surface, as well as the temperature profile for the ceramic tile inside the laboratory roller kiln.
This procedure was validated through the use of data obtained in a study by Cantavella (1998) The number of control volumes used for the numerical simulation was 20 along the ceramic tile thickness, since the tile length was not considered in the model proposed in this article. The firing curve was represented as a set of inequalities, where the limit of use of each linear equation of this set was also defined. We obtained the results of the simulation and compared them to those obtained by Cantavella (1998) .
Laboratory Scale
The numerical simulation analysis of the firing operation in the laboratory roller kilns was performed with the conformation of the bodies of the test piece by the uniaxial drying process, using a laboratory hydraulic press. The specific pressure applied was 25 MPa. The specimen dimensions were 80 mm x 20 mm and the thicknesses were 2.3 mm and 7.8 mm. The powder mass (7 g and 25 g) was determined on a Micronal digital scale, with a resolution of 0.01 g.
The simulation was carried out after obtaining the ceramic firing curves. The laboratory roller kiln temperatures were determined through the use of a 1000 mm length type-K temperature sensor and a Gulton 1200 (-70.0 to +1200 ºC) temperature recorder. Tagging was carried out every 50 mm along the entire sensor length, in order to obtain the temperature curve for different positions in the oven. Data was recorded for maximum temperatures between 1273 K and 1423 K, with 30 K intervals and with firing cycles of 30, 40 and 50 min (cold-to-cold). These firing curves were used to determine the sintering kinetics parameters of the ceramic tile, under different firing conditions, such as the activation energy E A (178041 J.mol -1 ), the time exponent n, which determines the sintering mechanism, (0.26285), and the frequency factor k 0 (44768 s -1 ) (Cargnin et al., 2011) . We also obtained the vitrification curves (linear shrinkage x water absorption) for specimens with thicknesses of 2.3 mm and 7.8 mm.
From the firing curves, several sets of inequalities were obtained for every maximum temperature and firing cycle. As in the validation process, these inequalities were inserted in a computational program in order to obtain the gas temperature inside the kiln (T g (t)), the temperature of the ceramic tile surface, the temperature profile inside the tile, and the linear shrinkage, using the equation defined by Salem et al. (2009) .
For the kiln analyzed, the heat transfer by convection is low, since the gas flux in its interior is due to the movement of the ceramic plates. Therefore, in order to consider the convective parcel in the model, the advance speeds of the ceramic tile were determined and found to be 6. . Through numerical simulation, the linear shrinkage temperature and hypothetical profiles were determined according to the firing time for the 2.3 mm and 7.8 mm ceramic plates. In order to determine the standard shrinkage, the following algebraic procedure was adopted: from the temperature profile (T(z)), Eq. (9) was used to obtain the average temperature of the ceramic ( ) average T . It was then possible to determine the value of the position corresponding to the average temperature and, thus, the value for the hypothetical shrinkage at the same position.
The values obtained numerically for the linear shrinkage were compared with experimental data for the model validation.
Industrial Scale
The industrial phase of this study was carried out in an Enaplic continuous roller kiln 92.50 m in length and 2.68 m in width in the modules of the heating zone and 3.08 m in width in the modules of the firing zone. The kiln has 26 heating modules up to the end of the firing zone. Thermocouples were placed above and below the roller planes, in order to monitor and maintain the firing curve established for this operation. The firing process operated with a total firing time of 33 min and maximum temperature of 1162 ºC (1435 K). The dimensions of the ceramic tiles at the entrance of the kiln were 481.38 mm in length, with a square geometry and thickness of 8 mm. 15 ceramic tiles were selected, with the dimensions previously cited and without decoration, to obtain the value for the linear shrinkage during firing. Before the firing, the sides of each ceramic tile were identified and then immediately measured with an analog Mitutoyo caliper (0.02 mm resolution). The ceramic tiles were placed in a same position of the kiln to minimize the linear shrinkage effect. After the firing, the tiles were measured, and the values for the linear shrinkage were obtained. These values were compared to simulation results.
In a numerical solution, the results must be independent of the number of divisions made in the computational network (Δz) and of the time interval considered for the solution over time (Δt) (Maliska, 2004) . The tests adopted to verify the influence of the computational network and of the time interval used in the numerical solution were carried out on the ceramic tile with a thickness of 8 mm (0.008 m). For the symmetry condition, the thickness of the domain inserted in the numerical algorithm was 4 mm (0.004 m).
Test were performed for the networks with 10 volumes ((Δz = 0.0004 m), 20 volumes ((Δz = 0.0002 m), 30 volumes (Δz = 0.00013 m), 40 volumes (Δz = 0.0001 m) and 50 volumes (Δz = 0.00008 m) along the thickness. The network with 20 volumes was adopted for this task for the thickness of the computational domain, and gave the same result as that for the most refined network, requiring a lower computational effort and, consequently, less time to obtain the results.
As to the influence of time on the temperature profile for the ceramic tile, it was verified that the Δt value does not alter the behavior of the temperature profile for the ceramic tile as the convergence of the numerical solution limits its value. In the finite volumes method, when an explicit formulation is used, the value of Δt is limited when the coefficients of the equations start to result in negative values (Maliska, 2004) . In order to avoid the problem of the convergence of the computational code developed in this study, the value used for the time interval was 0.04 s. Figure 2 presents the numerical results for the temperatures of the gas (T g Sim) and the ceramic tile surface (T s Sim) obtained by this model, the surface temperature obtained by the model developed by Cantavella (1998) , and the surface temperature (T s Exp) measured experimentally. The numerical data obtained with the proposed model present the same behavior for the ceramic tile surface temperature as that reported by Cantavella (1998) . This trend can also be observed when the results are compared with the experimental data. It should be noted that in the proposed model, the finite volume method (Maliska, 2004 ) is used to obtain the equations, since it is a numerical method which takes into consideration the physical part of the problem, while Cantavella (1998) used the finite difference method, which has a stronger mathematical basis. This demonstrates that the model proposed herein satisfactorily achieves the objective of this study, even disregarding the effect of the chemical reactions associated with the consumption or generation of energy within the ceramic tile. However, in the work carried out by Cantavella (1998) , the consumption of energy in the chemical reactions during the firing of the ceramic tiles was taken into consideration. Bearing in mind the aims of the study reported herein, this simplification does not compromise the results obtained regarding the linear retraction during firing, as discussed below. It can be observed that there is a notable difference between the atmospheric temperature inside the kiln (T g Sim) and the ceramic tile surface temperature (T s Sim and T s Exp), especially at lower temperatures, at the start of the heating. According to Cantavella (1998) , in the lower temperature zone the heating rate is higher and the coefficient for the heat transfer by radiation is lower. Therefore, the heating of the ceramic tile occurs more slowly, resulting in the temperature difference. In the roller kiln, according to Jarque et al. (1996) , the predominant mechanism of heat transfer is radiation.
RESULTS AND DISCUSSION
Validation of the Phenomenological Model
The validation of the proposed model can be carried out considering the linear correlations between the temperature of the experimental surface (T s Exp) and the temperatures numerically determined by the proposed model (T s Sim) and by Cantavella (1998) (T s Sim Cantavella). The values obtained for the correlation coefficients are presented in Table 1 . 
Laboratory Scale
Figure 3 represents the firing curves for the 30 min period at the different temperatures. We can see that, for all curves, there is an area of constant temperature (plateau) in which the properties of the ceramic tile are consolidated. Figure 4 shows the variation in the heating rates for the three time intervals (30, 40 and 50 min), at 1393 K. The linear equations required for the mathematical model in this study were determined based on the firing curves obtained under different conditions (maximum temperature and time). Table 2 shows the linear equations, the time intervals, and the linear regression coefficients for the fitting of the experimental data points. The fit for each firing curve interval has a high degree of accuracy, with correlation values between 0.9947 and 1.0000, although in the area of the firing plateau the correlation is lower, with a coefficient of 0.7500. In this case, a distortion of the temperature results may have occurred and, consequently, of the results for the linear shrinkage of the ceramic tile. Figure 5 presents the results obtained for the numerical simulation of the firing process in the laboratory roller kilns. The conditions adopted for the simulation were 1393 K and the time interval corresponding to the firing plateau. This was extracted from the 30 min cold-to-cold time internal. In the roller kilns analyzed the predominant heat transfer phenomenon is radiation, since the flow of the gas stream in the kiln is slow. The behavior of the linear shrinkage (R l S Sim and R l C Sim) is compatible with the variation in the temperature of the ceramic tile since, when the approximate temperature of 973 K is reached, the first stage of sintering reactions occurs in the clay mineral, creating dimensional variations. At 1273 K or above, the linear shrinkage rate increases significantly due to the intense formation and viscosity reduction of the liquid phase. During the period corresponding to the firing plateau, the linear shrinkage rate is lower. From this stage onward, time is a determinant parameter in relation to the final shrinkage of the ceramic tile. It can be noted that the behavior of the linear shrinkage of the tile surface (R l S Sim) is similar to that of its center (R l C Sim), with small variations (ΔR lS-C = 0.0003665), which can be considered negligible.
The numerical simulations were also carried out for other firing conditions (time and temperature). It was possible to verify the reproduction of the value for the linear shrinkage by the kinetic model (Cargnin et al., 2011) . Figure 6 shows the numerical results for the linear shrinkage at distinct firing temperatures, for a total time of 30 min and a ceramic tile thickness of 2.3 mm. The numerical results obtained demonstrate that the kinetic model (Cargnin et al., 2011) provides a satisfactory fit with the experimental data points between the temperatures of 1273 K to 1393 K. On reaching 1423 K, there is a significant deviation between the experimental (R l Exp = 0.07681) and the simulated (R l Sim = 0.08301) values. A reduction in the linear shrinkage rate can be observed, due to the significant increase in the quantity of liquid phase formed. These results may also be influenced by the value of the time exponent (n) in the model, since for a temperature of 1150 °C its value 1150 C ( = 0.1529) n° differs significantly from those observed at lower temperatures (Cargnin et al., 2011) . The behaviors of the linear shrinkage curves are similar, demonstrating that the shorter the firing time the less the shrinkage of the ceramic tile will be. The ceramic tile thickness also influences the linear shrinkage, which decreases with increasing thickness. The temperature variation inside the 7.8 mmthick tile is much higher than that observed for the thinner ceramic piece. Thus, the temperature in the center is lower than at the surface, providing less linear shrinkage in the ceramic tile, as demonstrated in Figure 8 . The numerical results for the linear shrinkage (R l Sim) at different temperatures and firing times were compared to the experimental data (R l Exp), and high correlation coefficients were obtained for the 2.3 mm (R 2 = 0.9913) and 7.8 mm (R 2 = 0.9912) thicknesses, as seen in Figure 9 . This behavior has also been verified by Salem et al. (2009) . The highest values calculated for the shrinkage differ from those of the experimental data. The dotted line in Figure 9 represents the maximum limit of linear shrinkage adopted industrially, demonstrating that the model tends to reproduce industrial conditions. The vitrification curves presented in Figures 10 and 11 show that, in order to reach the technical characteristics of a BIIa product maintaining the maximum linearity (R l = 0.072), it is necessary to operate the kiln with a temperature of 1393 K and a firing cycle of 50 min (cold-to-cold) for both tile thicknesses (2.3 mm and 7.8 mm). Figure 11: Vitrification curve for the 7.8 mm-thick specimen.
Industrial Scale
The linear equations, obtained following the experimental procedure adopted on the laboratory scale, are shown in Table 3 , along with each time interval and the linear regression coefficients. The values for the correlation coefficients were very high, showing that the temperatures calculated for any time interval, as well as for any position along the thickness of the ceramic tile, were in good agreement with the experimental data. The temperatures of the gas (T g Sim), the tile surface (T s Sim) and the center of the tile (T c Sim) were obtained, as shown in Figure 12 . The numerical solution obtained has the same behavior as that observed in the results reported by Cantavella (1998) , and thus other situations can be simulated, such as different firing conditions. The difference between the temperature of the gas inside the kiln and the ceramic tile surface at the lowest temperatures, that is, at the beginning of the heating, is due to the higher heating rate for convection compared with radiation, as shown in Figure 13 . The gas flow inside the kiln was 3.14 m.s -1 . According to Jarque et al. (1996) , the Besides obtaining the numerical results for the behavior of the temperature of the ceramic tile during the firing operation in an industrial roller kiln, the proposed model is also capable of estimating the dimensional behavior of the ceramic tiles, that is, to predict the linear shrinkage. According to the laboratory results obtained with the sintering kinetics model used by Salem et al. (2009 Salem et al. ( , 2010 and evaluated in the first part of this study, it is possible to predict, numerically, the final dimensions of the ceramic tile after the firing process.
New firing conditions were simulated in order to verify the capacity of the model to approximate the results obtained at the industrial plant. Figure 14 shows the firing curve (T g Sim) simulated considering the experimental data and the behavior of the linear shrinkage of the surface (R l S Sim) and of the center (R l C Sim) of the ceramic tiles. The numerical results obtained for these variables, at a maximum temperature of 1152 ºC (1425 K), were, respectively, linear shrinkages of 0.0742 for the surface and 0.0628 for the center of the ceramic tile. In order to determine the linear shrinkage of the ceramic tile, firstly, the average temperature ( ) The methodology used to determine the average value for the linear shrinkage of the ceramic tile is represented by Figure 15 , similar to Fig. 5 . The domain is determined considering the average temperature, or the position, of the tile, and the corresponding value for the linear shrinkage is found. For the case in question, the average value obtained for the temperature of the ceramic tile was 1407 K. This is the temperature corresponding to a distance of 2.3 mm from the center of the tile. At this point, the simulated shrinkage and, therefore, the shrinkage attributed to the piece, was 0.0668. Assuming that the initial size is 481.38 mm, it can thus be determined that the final size will be 449.22 mm.
In order to verify whether these numerical results are consistent with those obtained experimentally in the industrial plant, the linear shrinkage of the nonenameled ceramic tiles was determined. The experimental result for the linear shrinkage was 0.0664. The final size of the product was 449.41 mm, differing by 0.19 mm from the value numerically obtained. It can be said that the model (coupling temperature and linear shrinkage) is appropriate for application to the conditions of industrial firings and reproduces the trends observed in the dimensional characteristics of ceramic tiles. This tool could aid in the optimization of the firing curve, as well as the firing operation as a whole.
CONCLUSIONS
The firing operation conditions in continuous roller kilns and their influence on the ceramic tile sintering kinetics were analyzed on a laboratory and industrial scale. This was carried out through the mathematical modeling of the heat transfer by conduction in the ceramic tiles, and the use of a kinetic model for the linear shrinkage during firing to analyze the sintering process under different conditions, i.e., laboratory and industrial.
The results obtained from the numerical simulation of the linear shrinkage demonstrated a good agreement with the experimental laboratory data, which verified the influence of the firing time and temperature. It was also possible to analyze the linear shrinkage according to the tile thickness. We found that the ceramic tile with a thickness of 7.8 mm retracted less than that with a thickness of 2.3 mm, since the central areas do not reach the same temperature as the more superficial areas. This difference in temperature allows the physical transformation of the material to occur with lower intensity, resulting in lower bulk densities, greater water absorption, and lower linear shrinkage.
The industrial process used to produce ceramic tiles can be evaluated through numerical simulation, based on experimental results obtained in tests carried out at an industrial plant. This evaluation was carried out with operation in the steady-state regime, that is, the industrial kiln was completely loaded with ceramic tiles. The firing curve was obtained and the values for the final dimensions of the products, without the decorative layer, were determined in order to obtain the values for the linear shrinkage. The results presented by the mathematical model show that there is a significant difference in the linear shrinkage that occurs at the surface and that at the center of the ceramic tile, due to the differences in their temperatures. The simulated value for the linear shrinkage of the tiles was similar to the value obtained experimentally. These results indicate that the proposed model can be used to simulate and to optimize the conditions of this industrial operation, serving as a practical tool for application by companies active in this field.
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